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Previous research has shown that applications of chemical stimuli to the epiglottis produced distinct patterns of activity in the lamb 
superior laryngeal nerve. To determine the response characteristics of second-order neurons, we recorded from single cells in the 
lamb nucleus of the solitary tract (NST) while stimulating the epiglottis with 0.5 M KCi, NH4CI, NaCI, LirA, distilled water, 0.005 M 
citric acid and 0.01 N HCI. Most neurons responded to more than one of the chemical solutions. The order of effective stimuli was KC! 
= NH4C! > distilled water > HC! > citric acid > NaCI > LiCI. An analysis of the variation in response frequency over time found that 
different chemical stimuli produced significantly different response patterns in NST neurons. A comparison of the mean neural re- 
sponse profiles of NST neurons and superior lar)ngeal nerve fibers for each of the stimuli found that only the response profiles elicited 
by NH4C! were significantly different. In addition to their responses to chemical solutions, almost one-lhird of the NST neurons re- 
sponded to the rinse following application of at least some of the stimuli and 80% of the neurons were excited by mechanical stimula- 
tion of the epiglottis with a soft brush. Also, a small number of neurons exhibited a rhythmic response coordinated with respiration. 
The majority of recording sites were located in areas of the NST linked to swallowing and respiration suggesting that the response pat- 
terns of NST neurons elicited by chemical stimulation of receptors on the epiglottis may play a role in upper airway reflexes. 
INTRODUCTION 
Physiological studies have shown that  stimulation 
of structures in the upper  airway evokes a number  of 
protective reflexes like swallowing, apnea and 
coughing 8"16"23"30'31"36'37"52"53. These reflexes can be 
evoked by a variety of stimulus types including chem- 
ical and mechanical  8"31'35"47"52"57. Al though the recep- 
tor types responsible for eliciting these reflexes are at 
present unclear,  some studies have suggested that 
the receptors mediat ing chemically-elicited reflexes 
are taste buds 1°'12"13"3°'35"51"52. The major i ty  of taste 
buds in the upper  airway are located on the laryngeal 
surface of the epiglottis and are innervated by the su- 
perior laryngeal nerve (SLN). Recordings from the 
SLN in lamb, sheep and cat ha,,e shown that when 
chemical solutions are placed on the epiglottis, the 
patterns of activity elicited are distinctive for the dif- 
ferent chemical stimuli In's°. These pat terns of infor- 
mation are conveyed to the nucleus of the solitary 
tract (NST) by fibers of the SLN 14"27'29"44'54. 
A number of studies have described the responses 
of neurons in the NST to electrical stimulation of the 
SLNTA4"27"44"45; however ,  little information exists 
concerning the responses of NST neurons to chemi- 
cal stimulation of the epiglottis. In lambs the struc- 
ture and number  of taste buds on the epiglottis have 
been described 12, there  is information on reflex re- 
sponses to che/ilicals applie~ ~0 the larynx 3°'35, and 
the responses of SLN fibers to slimuiation of the epi- 
glottis with chemicals have been previously re- 
ported 13. Consequently,  lambs were used in our in- 
vestigation of the responses of NST neurons to stimu- 
lation of the epiglottis with a variety of chemical solu- 
tions. Two questions were of special interest.  First 
was whether the stimulus response pat terns seen in 
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lamb and sheep SLN 13 were maintained at the level 
of the NST. Second was whether the neural response 
patterns observed in the NST were sufficient to dis- 
criminate among the different chemical stimuli. 
MATERIALS AND METHODS 
Surgical p reparation 
Twenty-three Suffolk lambs (aged 30-80 days) 
were first anesthetized with an intravenous injection 
of sodium pentobarbitol (20 mg/kg) and then placed 
on a heating pad adjusted to maintain body tempera- 
ture at 39 °C, which was monitored by rectal probe. 
The jugular vein was cannulated for the administra- 
t:,on of supplemental anesthetics and a tracheostomy 
performed close to the sternal notch. 
A midline incision was made from the first tracheal 
cartilage to the base of the epiglottis and the interior 
of the larynx was exposed by retraction. The epiglot- 
tis was reflected caudally into the open larynx using a 
laryngoscope so that its laryngeal surface was visible 
through the incision, and the epiglottis was held in 
place with a suture 5°. The epiglottis was covered with 
saline-soaked cotton until stimulation commenced 
and the pharynx and esophagus were obdurated by 
an air-filled balloon. This balloon prevented solu- 
tions from being ingested or entering the oral and na- 
sal cavities. 
The animal was placed in a prone position and the 
head fixed in a stereotaxic frame. The dorsal surface 
of the medulla from obex to the dorsal cochlear nu- 
cleus was exposed by removing the overlying muscles 
and occipital bone, and the caudal cerebellum was as- 
pirated. The stereotaxic frame was then rotated 45 ° 
from horizontal to permit stimulation of the epiglottis 
from below while recording from single neurons in 
the brainstem. 
Neurophysiology 
Single neurons were isolated using epoxy-coated 
tungsten microelectrodes (2-3 Mf~ impedance). The 
neural activity was amplified, displayed on an oscillo- 
scope and monitored with an audio amplifier. Neural 
data were stored on one channel of a magnetic tape 
recorder with voice cues of experimental procedure 
on a second channel. Neural activity was classified as 
coming from a single neuron on the basis of an action 
potential of constant amplitude and waveform. Using 
stimuli previously shown to be effective for lamb, 
sheep and cat SLN fibers 13"5°, we located NST neu- 
rons by applying a 0.5 M solution of KC! and a 0.01 N 
solution of HCI to the epiglottis, or by stroking the 
epiglottis with a small brush. If a mechanically sensi- 
tive neuron was identified, chemicals were then ap- 
plied to establish chemosensitivity. Mechanicall,~ 
sensitive neurons which were not chemosensitive 
were not analyzed further. 
Stimuli 
Chemical stimuli were 0.5 M KCI, NH4CI, NaCI 
and LiCI, 0.005 M citric acid, 0.01 N HC! and dis- 
tilled water. These stimuli were chosen so that direct 
comparisons could be made with previously reported 
data on responses from lamb SLN to chemical stimu- 
lation of the epiglottis 13. Because water elicits a neu- 
ral response in the SLN when applied to the epiglot- 
tis, all chemicals were dissolved in 0.154 M NaCI 
which elicits minimal activity in the SLN 9"13"24'5°. This 
concentration of NaCI was also used as a rinse solu- 
tion to remove chemical stimuli from the epiglottis. 
Syringes (10 ml) fitted with 19-gauge needles were 
used to deliver 10 ml of a stimulus solution to the ex- 
posed epiglottis. Each chemical stimulus solution re- 
mained on the epiglottis for at least 20 s and was then 
removed by application of 40 ml of the 0.154 M NaCI 
rinse solutioa from a 50 ml syringe. Stimuli were given 
in the following sequence: 10 ml 0.154 M NaCI rinse, 
KCi, NH4CI, NaCI, LiCI, 10 ml rinse, KCI, distilled 
water, citric acid, HCI, 10 ml rinse, KCI. At least 2 
min were allowed to pass between stimulations to 
prevent cumulative adaptation 49. Whenever possible 
this total sequence of stimuli was repeated. The stim- 
ulation sequence was administered twice to 40% of 
the neurons. 
Previous recordings from the SLN found that KCI 
elicit-~d responses in the majority of fibers 13 so it was 
used as the standard in the present study and applied 
3 times in the stimulation sequence to monitor the 
stability of the preparation. In addition to applica- 
tions of test stimuli and the subsequent rinses, 10 ml 
of rinse solution from a 10 ml syringe was applied 
during the stimulation sequence before each applica- 
tion of KC! (see above). These 10 ml rinses were used 
as a control to determine those portions of the re- 
sponses due only to the mechanical effects of ~lowing 
a solution over the epiglottis. 
Histology 
Following completion of the stimulus sequence the 
location of the recording site was marked with a small 
lesion (direct current, 35/~A for 3-5 s). At the end of 
the experiment the animal was given an overdose of 
pentobarbitol and perfused through the carotid arte- 
ries with buffered saline followed by 10% buffered 
formalin. The brainstem from obex to the inferior 
colliculus was removed and stored in 30% sucrose- 
formalin until sectioned. The brain was cut coronally 
in 40/~m sc~:~c~ns and mounted on slides coated with 
chrom-alum. The tissue was then stained using the 
Kliiver-Barrera technique 34, and recording sites 
were marked on standard drawings of the lamb brain- 
stem. 
Data analysis 
Recorded neural impulses were converted into 
standard electrical impulses using a window discrimi- 
nator; the interval between pulses in milliseconds 
was measured with a microcomputer ~1, and this in- 
formation was then converted to frequencies (impul- 
ses/s). In order to analyze only that portion of the re- 
sponse due to chemical stimulation, the mean sponta- 
neous frequency of the neuron and the mean re- 
sponse frequency due to the mechanical effects of 
stimulus flow over the epiglottis were subtracted 
from the total response. Therefore, the activity ana- 
lyzed represents responses to chemical stimulation 
only. The mean spontaneous frequency was calcu- 
lated by averaging the frequencies from 5 s periods 
before and after each chemical stimulation. The 
mean response frequency due to flow was deter- 
mined by averaging the responses across the 3 rinses 
applied during the stimulation sequence. For those 
neurons which received a repeated presentation of 
the stimuli, the response was the average of these re- 
peated presentations. 
The presence of a chemical response was defined 
as an increase in average frequency during any 5 se- 
quential seconds of the stimulation period that ex- 
ceeded the mean + 2 S.D. of the spontaneous activ- 
ity. Of the 36 isolated neurons, 35 were excitatory 
and one was inhibitory. Because of the small number 
of inhibitory responses observed in the present study, 
this one neuron was not included in the remaining 
analyses. 
In addition to the responses to the chemical stimu- 
197 
li, some neurons displayed an increase in their re- 
sponse to the rinse following the application of cer- 
tain chemical solutions. In order to investigate these 
off responses, we subtracted the mean activity of the 
last 5 s of response to the preceding chemical stimulus 
and the mechanical activity due to flow from each 
post-stimulus rinse. An off response was defined as 
an increase in the average frequency during any 5 se- 
quential seconds of the post-stimulus rinse that was 2 
S.D.s above the mean response frequency of the 
rinse itself. 
Statistical analyses 
To determine whether individual chemicals pro- 
duced reliably different response patterns we com- 
pared pairs of chemical response profiles across neu- 
rons using a technique described previously 13. In 
short, difference profiles were calculated for all pairs 
of stimuli within each neuron. Using these difference 
profiles, comparisons were then made between 
chemical pairs across neurons using the Hotelling's 
T2-test 4°. These comparisons were performed on the 
first and last 10 s of the response to ascertain the con- 
tribution of the early and late portions of the re- 
sponse patterns. 
To statistically compare the neural response pat- 
terns recorded in the NST with those previously re- 
ported for the SLN 13. a one-sample profile analysis 4° 
was conducted between the corresponding stimulus 
pairs on the last 19 s of the response. The first second 
of response was discarded from the analysis because 
large differences were noted which were due to a dif- 
ference in stimulation techniques between the two 
studies. In the present study solutions were delivered 
via a syringe fitted with a 19-gauge needle producing 
a fast flow velocity. Solutions were delivered via a 
gravity flow system at a slower velocity in previous 
studies of the SLN 13. Studies have shown that the ve- 
locity of stimulus flow is important in the early phase 
of the neural response to chemical stimulation sug- 
gesting that observed differences in the early por- 
tions of the responses were due to differences in stim- 
ulus delivery "~8. 
RESULTS 
,4 natomical organization 
The locations of recording sites of the 35 single 
PH 
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Fig. 1. Anatomical reconstruction of recording sites in the caudal lamb brainstem. Recording sites, represented by filled circles, were 
generally located in the medial, ventral or lateral areas of the NST. Distances rostral to obex (in mm) of each of the representative 
brainstem sections are given to the lower left of each section, io, inferior olive; NST, nucleus of the solitary tract; PH, prepositus hy- 
poglossi; ST, solitary tract; Vn, trigeminal nucleus; Vt, trigeminal tract; X, dorsal motor nucleus of the vagus. 
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Fig. 2. Oscillographic tracings of the responses of a single NST neuron to stimulation of the epiglottis with different chemical stimuli. 
The arrow at lower left corner indicates the time of stimulus onset and the filled circles above each record represent the beginning of 
the 0.154 M NaCI rinse. At the top of the figure are the responses to the flow of a solution produced by delivering the rinse volume of 
10 or 40 ml. The responses to the different chemical stimuli are quite distinct. 
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neurons isolated in the present study are shown in 
Fig. 1. Neurons were located in or immediately ven- 
tral to the NST between 2.1 and 4.1 mm (~ = 3.21 + 
0.45 S.E.M.) rostral to obex, 2.5-4.5 mm (~ = 3.38 
+ 0.51) lateral to the midline and 1.5-3.7 mm (~ = 
2.37 + 0.51) ventral to the dorsal surface of the me- 
dulla. The majority of neurons were located in the 
medial or ventral NST with the greatest concentra- 
tion in an area just ventromedial to the solitary tract. 
General response characteristics 
For neurons in the NST, both KCI and NH4CI were 
the most effective stimuli, eliciting responses in 89% 
of the neurons. Distilled water produced responses in 
86% of the neurons, while HCI and citric acid pro- 
duced responses in 77% and 57% of the neurons, re- 
spectively. The two remaining salts were somewhat 
less effective with NaCl evoking responses in 57% of 
the neurons and LiCl eliciting responses in only 40% 
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Fig. 3. Maximum response frequencies from lamb single NST neurons. The neurons (A through i) have been ranked in the order of the 
maximum response frequency to KCI Responses for any one neuron can be read in a vertical column. For each neuron, the mean 
spontaneous activity (plotted at the bottom right of the figure), and the response due to the mechanical effects of stimulus flow have 



































M NOCl 4 
2 
5 M LiCI 
20 we 
Fig. 4. Frequency-time histograms for responses from lamb NST neurons to the 7 stimuli. Neurons which responded to the different 
chemical stimuli are arranged in order of increasing maximum frequency from the front to the b-ark of each histogram. Stimulation 
time is shown between the two arrows on the abscissa of each histogram and frequency on the ordinate. The spontaneous activity and 
response due to mechanical effects of stimulus flow have been subtracted from each histogram. 
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of the isolated cells. An example of a NST neuron's 
responses to the different chemical stimuli is shown 
in Fig. 2. The flow of the rinse produced a small re- 
sponse that was dependent upon the rate of delivery 
as shown in the top two oscillographic tracings. Ap- 
plications of both KCI and HCI produced increases in 
activity, with the st;ong sustained response to HCI 
continuing for over 15 min even following repeated 
applications of the rinse. The neural responses to 
NH4CI, distilled water and citric acid were of smaller 
magnitude, but an off response to the rinse was ob- 
served following two of these stimuli. This cell did not 
respond to either NaCl or LiCl. Also evident in Fig. 2 
is that different chemical stimuli evoked different 
neural response patterns. 
Fig. 3 shows the mean maximum responses of sin- 
gle NST neurons to the various chemical stimuli. Be- 
cause KCI was the most effective stimulus, and to 
permit comparison with previously published results 
of SLN responses, neurons are ordered by their max- 
imum response frequency to KCI. The mean sponta- 
neous rate was 7.69 + 11.05 impulses/5 s. All but two 
neurons responded to more than one of the chemical 
stimuli (~ = 4.9 + 1.8). The remaining two neurons 
responded exclusively to distilled water. In addition 
to a response to chemical stimuli, 80% of the neurons 
were excited by mechanical stimulation of the epi- 
glottis with a soft brush and 57% were sensitive to the 
flow of the rinse. In all cases, neurons displaying a 
flow response also responded to mechanical stimula- 
tion. 
Response patterns in the NST 
The response patterns of all neurons to the differ- 
ent chemical stimuli are presented in Fig. 4. These re- 
sponses were ranked in order of increasing maximum 
response frequency for each chemical. It can be seen 
that the responses to an individual chemical across 
the population of neurons were quite similar. For ex- 
ample, the response pattern elicited by KCI is gener- 
ally sustained across the stimulation period whereas 
the pattern produced by NH4CI rises to an initial 
peak and quickly returns to the resting level of activi- 
ty. 
The results of the Hotelling's T2-test on the re- 
sponse profiles of NST neurons are presented in 
Table I. The pairs of chemicals that have dissimilar 
response patterns (P < 0.10) are indicated in the 
table with the significant levels shown. For example, 
Table I shows that the neural response patterns pro- 
duced by KCI were significantly different from the 
response patterns produced by all other chemical 
stimuli. In contrast, the pattern produced by citric 
acid appears to be less distinct with only 2 of the 6 
comparisons being significantly different. Further- 
more, Table I shows that for most stimuli with signifi- 
cantly different neural response patterns, the first 10 
s were generally the nlost important, with the re- 
sponse patterns across the last 10 s being more simi- 
lar. 
Past studies of chemically elicited responses in the 
lingual gustatory system often use data from stimulus 
presentations of shorter periods than those used in 
the present study. Therefore, to investigate whether 
analyzing a shorter period of response would adver- 
sely affect discrimination among response patterns, 
we conducted an additional analysis using just the 
first 5 s of the response. We observed no loss in the 
discriminability among response patterns when only 
the first 5 s of the response was used. However, the 
first 5 s of the distilled water and HCI response pat- 
terns were considered different (P < 0.025), whereas 
these two patterns were considered parallel when 
longer periods of the response patterns were ana- 
lyzed (Table I). 
Rhythmically firing neurons 
Five neurons (14%) had a rhythmical discharge to 
chemical stimulation of the epiglottis. We visually 
observed that these rhythmical responses appeared 
to be coordinated with spontaneous respiration 
(none of these neurons were from artificially venti- 
lated animals) and all neurons appeared to fire in 
phase with inspiration. However, no attempt was 
made to match the neural response with the exact 
phase of respiration. Two of the 5 neurons also 
showed rhythmical spontaneous discharge while the 
other 3 showed no rhythmicity except in their re- 
sponse to chemical stimulation of the epiglottis. An 
example of one of these latter neurons is shown in 
Fig. 5. This figure illustrates that the response pat- 
terns characteristic of certain stimuli observed in 
non-rhythmical neurons (KC! sustained, NH4CI 
transient; see also Fig. 2) were also observed in neu- 
rons with rhythmical responses. 
Examination of the recording sites of these 5 neu- 
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T A B L E  I 
Comparison of NST neural response patterns between different pairs of chemical stimuli 
For each s t imulus pair that  produces  significantly different  pat terns ,  the P value is presented  in the table. A dash indicates that  the 
stimuli elicit s imilar  (paralleB response pa t te rns  (P  > 0.10). The  first row for each chemical represents  the compar ison for the first 10 s, 
the second row the compar ison  for the last 10 s. 
NH4CI NaCI LiC! t120 HC! Citric acid 
KCi 0.001 0.016 0.050 0.002 0.084 0.009 
0.002 - 0.005 0.060 - - 
NH4CI - - 0.013 0.015 - 
- - 0.098 0.014 - 
NaC! - - 0.097 - 
LiCI - 0.093 - 
H 2 0  - 0.017 
HC! 
rons revealed that 4 of the 5 were located in the ven- 
tral and ventrolateral NST with the remaining neu- 
ron located in the medial region of the nucleus. 
Comparison between NST and SLN response patterns 
The mean response profiles for the different chem- 
ical stimuli for both NST neurons and SLN fibers t3 
are shown in Fig. 6. Each graph shows the mean re- 
sponse patterns to a different chemical stimulus. 
Note that for most stimuli the mean response profiles 
are quite similar. 
The results of the profile analysis comparing mean 
response patterns of SLN fibers (n = 59) with NST 
neurons for each chemical stimulus are presented in 
Table II. For all stimuli except NHaCI the neural re- 
sponse patterns observed in the NST were not signifi- 
cantly different from the response patterns reported 
for SLN fibers (P > 0.10). In contrast to the other 
chemical stimuli, the response pattern to NH4CI in 
the population of NST neurons was different from 
that observed in the SLN. Further analysis revealed 
that this difference was due to the central and periph- 
eral responses being shifted in time; the SLN re- 
sponse pattern reached its peak level of activity and 
returned to its spontaneous activity level later in time 
(see Fig. 6). When the SLN response pattern is shift- 
ed in time to overlap that observed in the NST, the 
two patterns were parallel (one-way profile analysis, 
P >  0.10). 
Off responses 
In addition to responses to the chemical stimuli, 1 ! 
of the 35 neurons showed enhanced responses to the 
0.154 M NaCI rinse which followed one or more of 
the chemical stimuli. An example of one of these off 
responses is graphically :~hown in Fig. 7. This figure 
shows the off responses of a NST neuron elicited by 
applications of the 0.154 M NaCi rinse following the 
stimuli noted in the upper left corner of each graph. 
Those portions of the response due to the mechanical 
effects of rinse flow have been subtracted from each 
of the off responses. For the neuron in Fig. 7, rinses 
following NH~CI, distilled water, citric acid and HCI 
evoked off responses. 
Most off responses were observed following dis- 
tilled water (82%) or HCI (64%). Of the 11 neurons 4 
showed off responses exclusively following distilled 
water and 2 showed increases to the rinse exclusively 
following HCI. Only a small number of off responses 
were observed following citric acid (27%), KCI 
(18%) and NH4CI (18%), and no off responses were 
observed following either NaCi or LiCI. 
DISCUSSION 
Response patterns of NST neurons 
The chemosensitive response patterns across the 
population of isolated NST neurons to an individual 
chemical stimulus were quite similar. Response pat- 
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Fig. 5. Oscillographic-tracings of the response of a neuron in the NST to stimulation of the epiglottis with different chemical solutions. 
This neuron had a rhythmic response that appeared coordi,ated with l~piration. The arrow indicates stimulus onset and the filled cir. 
cles above each tracing represent the rinse-onset. 
terns characteristic of individual chemical stimuli 
were also observed in the single fibers isolated from 
the lamb SLN 13. As was the case for the SLN, statis- 
tical analysis of differences in response patterns for 
pairs of chemicals over time revealed that many of 
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Fig. 6. Comparisons between NST neurons (n = 35) and SI,N 
fibers 13 (n = 59) average response patterns for the different 
chemical stimuli. The average response pattern across NST 
neurons is shown by the solid line and across the SLN by the 
dotted line. Note the large degree of similarity in the response 




Response profile comparison between NST and .*ILL for 
matched pairs of chemical stimuli 
Parallel profiles P value 
KCI yes 0.838 
NH4C! no 0.007 
NaC! yes 0.485 
LiCI yes 0.241 
H20 yes 0.535 
Citric acid yes 0.201 
HC! yes 0.148 
these patterns in the NST were in fact distinguishable 
from each other. In both the NST and SLN the che- 
mosensitive response patterns elicited by KC! were 
distinct from the patterns produced by all other 
chemical stimuli. The pattern of neural activity pro- 
duced by NH4C! was somewhat less distinctive in 
NST neurons than in fibers of the SLN (6 of 6 com- 
parisons in SLN 13 versus 3 of 6 in the NST), while the 
pattern produced by citric acid was rarely seen as dif- 
ferent from the other stimuli in both NST and SLN 
analyses. 
The loss of some discrimination between different 
chemical stimuli at the level of the NST has also been 
observed in the rat lingual gustatory system. Using 
different analytical techniques, Doetsch and Erick- 
son 15 reported that there was an increasing similarity 
between the across-~curon response patterns in NST 
when compared to the chorda tympani. The in- 
creased similarity between some of the chemosensi- 
tive response patterns observed in the NST probably 
reflects the process of excitatory and inhibitory syn- 
aptic interactions resulting from convergence of SLN 
fibers onto second-order neurons in the NST 15"2°'44"55. 
In the present study we have investigated the re- 
sponse patterns over a relatively long period of time 
(20 s). However, in studies of gustatory processing 
involving lingual receptors, data from stimulus pre- 
sentations of shorter periods are often used ~7"~'L~. 
Analyzing just the first 5 s of the response patterns 
revealed that these patterns were still distinguishable 
and, in fact, a small amount of additional distinc- 
tiveness among stimulus response patterns was ob- 
served. Thus, even at shorter intervals the ability to 
discriminate between the patterns of response ob- 
served in our NST sample are maintained. 
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Fig. 7. Off responses of a NST neuron elicited by the application of 0.154 M NaCI rinse to the epiglottis following different chemical 
stimuli. On the left of each histogram the last 15 s of response to each chemical stimulus is shown (open bars), followed on the right by 
the first 15 s of response to 0.154 M NaCI rinse applied after the chemical stimulus (shaded bars). Shown at the bottom right of the fig- 
ure for comparison is the neuron's spontaneous rate and the mechanical response produced by flowing the rinse over the epiglottis. 
Those portions of the off responses due only to the mechanical effects of solution flow, and the spontaneous activity of the neuron have 
been subtracted from each response. For this neuron, off responses which exceeded the response criterion were observed following 
NH4CI, distilled water, citric acid and HCI. 
response patterns in the SLN and NST. For example, 
a sustained response was characteristic of KCI both 
peripherally and centrally. Statistical comparisons 
between the mean chemosensitive response patterns 
of the SLN and NST for each stimulus demonstrated 
that except for NH4CI, the response patterns were of 
the same shape (parallel). Although the average re- 
sponse profiles to NH4CI in the NST and SLN were 
considered different by the present analysis, further 
investigation revealed that the profiles were shifted 
in time with the NST pattern reaching its peak re- 
sponse frequency faster than that observed in the 
SLN. The tendency of the NST neurons in the cur- 
rent study to reach their peak response frequency 
more quickly than SLN fibers was not restricted to 
NH4CI. As is evident in Fig. 6, the average response 
patterns across NST neurons for all the stimuli 
tended to reach their peak response frequency more 
quickly than previously observed for fibers of the 
SLN. The differences in the time to reach peak re- 
sponse frequency between the NST and SLN were 
probably the result of the differences in stimulation 
techniques used in the two studies. In the current 
study the prone position of the animal necessitated 
applying solutions at a faster velocity than that used 
in studies of the SLN where the animal was in a su- 
pine position which permitted stimulus delivery via a 
gravity flow system. Investigating the sensitivity of 
the rat lingual gustatory system to the onset rate of 
electrical and chemical stimuli, Smith and Bealer 48 
reported that the transient, but not the tonic portion 
of the neural response, was extremely sensitive to the 
rate of stimulus onset. For example, the faster the ve- 
locity of stimulus flow to the tongue, the faster the 
transient portion of the neural discharge in the chor- 
da tympani nerve reached its peak 48. Since the aver- 
age NH4CI response patterns in both the NST and 
SLN were primarily transient in nature, the effects of 
the different flow velocities on the profile analysis 
were more pronounced. For the other stimuli, the 
tonic portic~ns of the response patterns would tend to 
mask initial differences in the transient portion of the 
response, e~specially since the first second of the aver- 
age response patterns was dropped from the analysis. 
Thus, the p, atterns of neural activity characteristic of 
a chemical stimulus in the periphery appear for the 
most part to be maintained at the level of the NST. 
Off responses 
Off responses to the 0.154 M NaC! rinse were ob- 
served following at least one of the stimuli in over 
31% of the NST neurons. The majority of these off 
responses followed stimulation of the epiglottis with 
distilled water or HCi. Similar increases in the re- 
sponse to saline rinse following chemical stimulation 
have been observed in fibers of the SLN i°'53 (unpub- 
lished observation). 
Off responses are not unusual in the lingual gusta- 
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tory system for which distilled water is generally used 
as the rinse solution. Applications of the distilled wa- 
ter rinse following stimulation of the tongue with 
chemical solutions produces off responses in the pe- 
ripheral gustatory nerves of a number of different 
species 2"3"5"25"42"58'59. Some investigators have sug- 
gested that these off responses represent a true re- 
sponse to water 25"6°. Others have demonstrated that 
neural responses to water rinse on the tongue were 
dependent upon the preceding, adapting stimu- 
lus 2"3"42. If 0.154 M NaC! is acting on the receptors of 
the epiglottis in a manner like that described for wa- 
ter on the tongue 2"3"42, then instead of the responses 
to water after NaC! or HC! which are observed for 
the lingual gustatory system, neurons with epiglottal 
receptive fields respond to 0.154 M NaCI after water 
or HCI. 
Various proposals concerning the mechanisms re- 
sponsible for the water response in the lingual gusta- 
tory system suggest that these off responses might re- 
sult from the removal of chemicals from the recep- 
tors 1"4"6. If the off responses of NST neurons reflect 
similar mechanisms, these off responses could pro- 
vide important information for the control of upper 
airway reflexes by signaling the removal of chemical 
substances from the entrance to the upper airway. 
Anatomical organization 
The locations of NST recording sites in the present 
study correspond with the areas of SLN termination 
in the solitary nucleus of lamb and sheep ~4"28'54, as 
well as those areas of SLN termination observed in 
anatomical studies using cat, rat and hamster :~ ,.,.3s 
The largest number of neurons were isolated in the 
medial and ventromedial areas of the lamb NST. 
These areas receive dense terminations of the SLN in 
both lamb 54 and hamster-'-', and responses to chemi- 
cal stimulation of the cat epiglottis have been 
recorded in these areas as well (unpublished observa- 
tions). The medial and ventromedial NST also re- 
spond to electrical stimulation of the SLN 14"29"39, and 
have been identified as an important source of effer- 
ent fibers to nuclei involved in the control of laryn- 
geal and pharyngeal musculature 43. Furthermore. 
studies of the swallowing reflex in sheep have shown 
that the areas of the NST where many of our record- 
ing sites were located are important for the initiation 
and organization of the buccopharyngeal and esoph- 
208 
ageal phases of swallowing in this species 27-29. 
Fewer neurons were isolated in the ventral, ven- 
trolateral and dorsolateral areas of the NST. The 
ventral and ventrolateral regions of the NST are 
known to contain cells involved in respiratory func- 
tions 26'32"33'37"46, and of the 5 neurons in the present 
study that had their responses coordinated with res- 
piration, all but one were located in these areas. 
Studies have shown that both electrical stimulation of 
the SLN and infusions of solutions into the larynx in- 
fluence respiratory-related neurons in the NST 7'37" 
41.45.46. The rhythmical neurons observed in the NST 
probably play an important role in the respiratory ef- 
fects produced by laryngeal stimulation. 
Chemical responses and reflexes o f  the upper airway 
Studies in a variety of species have documented 
the reflex swallowing, respiratory and cardiovascular 
effects produced by infusions of water and chemical 
stimuli into the larynx 18'23'30'35-37'46'47"53. In the cur- 
rent study we have demonstrated that the neural re- 
sponse patterns generated by chemical stimulation of 
the epiglottis which are observed in the SLN 13 are 
maintained at the level of the NST. Since the region 
of the NST sampled in the present study is considered 
an important link in the decoding of afferent informa- 
tion essential to swallowing and other protective air- 
way reflexes, the neural patterns relevant to partic- 
ular stimuli appear to be transmitted intact to regions 
influential to the organizatio~ of these reflexes. 
Although the chemically elicited response patterns 
in the NST were often statistically different, these 
oatterns need not be behaviorally relevant. Howev- 
er, a behavioral study by Kovar et al. 35 suggests that 
these response patterns may be important in the re- 
flex responses produced by infusions of chemical 
stimuli into the upper airway. Using a quantitative 
scoring system to measure apnea and swallowing, 
Kovar et ai. reported a quantitative separation in the 
levels of apnea (or swallowing) produced by infu- 
sions of equimolar concentrations of NaCI, LiCI and 
CaCI 2. For example, NaCI was more effective than 
CaCI 2 in eliciting apnea and swallowing. Results fol- 
lowing infusions of acids were similar to those seen 
for salts, with acetic acid more effective than HCI in 
produciog both reflex swallowing and apnea 35. 
We h~ve observed differences in the patterns of 
activity of NST neurons which were dependent upon 
stimulus quality suggesting that these NST neurons 
may provide a substrate for the behavioral observa- 
tions reported by Kovar et al. 35. Thus, reflex apnea 
and swallowing initiated by introduction of fluids into 
the larynx may be in part due to the chemical infor- 
mation from taste buds on the epiglottis relayed to re- 
flex-important areas of the NST via the SLN. 
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